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Summary 
We have isolated a human homolog of Xenopus Eg5, a 
kinesin-related motor protein implicated in the assembly 
and dynamics of the mitotic spindle. We report that mi- 
croinjection of antibodies against human Eg5 (HsEg5) 
blocks centrosome migration and causes HeLa Cells to 
arrest in mitosis with monoastral microtubule arrays. 
Furthermore, an evolutionarily conserved cdc2 phos- 
phorylation site (Thr-927) in HsEg5 is phosphorylated 
specifically during mitosis in HeLa cells and by ~34~~“‘/ 
cyclin B in vitro. Mutation of Thr-927 to nonphosphoryla- 
table residues prevents HsEg5 from binding to centro- 
somes, indicating that phosphorylation controls the as- 
sociation of this motor with the spindle apparatus. These 
results indicate that HsEg5 is required for establishing 
a bipolar spindle and that ~34~~~~ protein kinase directly 
regulates its localization. 
Introduction 
During mitosis, a microtubule-based spindle apparatus 
functions to distribute duplicated chromosomes equally to 
daughter cells. The forces required for spindle assembly 
and chromosome segregation are generated by the dy- 
namic instability of microtubules (Inoue, 1981; Kirschner 
and Mitchison, 1986) and by the action of dynein- and 
kinesin-related motor proteins (McIntosh and Pfarr, 1991; 
Sawin and Scholey, 1991; Goldstein, 1993a; Saunders, 
1993; Hoyt, 1994; Ault and Rieder, 1994). These microtu- 
bule-associated motors hydrolyze ATP to move toward 
either the plus or minus ends of microtubules (McIntosh 
and Hering, 1991; Goldstein, 1993b; Holzbaur and Vallee, 
‘The first two authors contributed equally to this work. 
1994). They may also function as coupling factors between 
dynamic microtubules and chromosome kinetochores 
(Lombilloet al., 1995a, 1995b; Desai and Mitchison, 1995) 
or centrosomes (Sawin et al., 1992). The precise mode 
and site of action of each motor protein remains to be 
unraveled, but there is unambiguous evidence that both 
cytoplasmic dynein and several kinesin-related proteins 
(KRPs) play essential roles in spindle assembly and func- 
tion. This conclusion is supported by genetic studies (re- 
viewed by Endow and Titus, 1992; Goldstein, 199313; Hoyt, 
1994; see also Afshar et al., 1995; Murphy and Karpen, 
1995) as well as by antibody-mediated inhibition of motor 
function in vivo (Nislow et al., 1990; Rodionov et al., 1993; 
Vaisberg et al., 1993) and in vitro (Sawin et al., 1992; Lom- 
billo et al., 1995a; Vernos et al., 1995). 
The Eg5 protein was initially identified in Xenopus laevis 
(LeGuellec et al., 1991) and shown to be a plus end- 
directed KRP associated with the mitotic spindle (Sawin 
et al., 1992; Houliston et al., 1994). According to its 
N-terminal motor domain sequence, vertebrate Eg5 be- 
longs to the bimC subfamily of KRPs (LeGuellec et al., 
1991) which also includes bimC from Aspergillus nidulans 
(Enos and Morris, 1990), cut7 from Schizosaccharomyces 
pombe (Hagan and Yanagida, 1990, 1992), and KLPGIF 
from Drosophila (Heck et al., 1993). These proteins share 
a substantial degree of sequence similarity (500/o-65%) 
not only over their motor domains, but also over a short 
C-terminal tail region. Two motors from Saccharomyces 
cerevisiae, Kipl p and Cin8p are also related to bimC, al- 
though sequence conservation is limited to the motor do- 
mains(Hoytet al., 1992; Roof et al., 1992). Geneticstudies 
strongly suggest that bimC family members may carry out 
similar functions. Mutations in the bimC and cut7 genes 
cause failure in spindle pole body separation in A. nidulans 
(Enos and Morris, 1990) and S. pombe (Hagan and Yana- 
gida, 1990) respectively, and disruption of KLP61 F results 
in the formation of monopolar spindles in Drosophila lar- 
vae (Heck et al., 1993). Similarly, Cin8p and Kiplp carry 
out overlapping functions during bipolar spindle assembly 
in S. cerevisiae (Hoyt et al., 1992; Roof et al., 1992). In 
line with these results, Xenopus Eg5 (XIEg5) is required 
for spindle formation and stability in Xenopus egg extracts 
in vitro (Sawin et al., 1992). 
Many of the cellular reorganizations occurring at the 
onset of mitosis are triggered, either directly or indirectly, 
by the activation of the ~34’“~ protein kinase (Nurse, 1990; 
Norbury and Nurse, 1992; Nigg, 1995). This kinase func- 
tions in complexes with cyclins of the A and B subfamilies 
(Hunt, 1991). However, although the mechanisms leading 
to the activation of ~34”~“~ are comparatively well under- 
stood (Morgan, 1995), identification of its in vivo substrates 
continues to represent a major challenge (Nigg, 1993). In 
vitro studies strongly suggest that ~34”““~ contributes to 
control the nucleation of microtubules at centrosomes and 
their dynamics and, hence, the formation of a mitotic sprn- 
dle (Verde et al.. 1990, 1992; Karsenti, 1991). However. 
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Figure 1. Identification of HsEg5 
(A) Alignment of HsEg5 and XIEg5 protein sequences. Amino acids 
are shown using the single-letter code. The Xenopus sequence (Le- 
Guellec et al., 1991) is shown only where it differs from the human 
sequence. A second Xenopus Eg5 protein, 93% identical to the one 
shown here, has also been identified (data not shown; Houliston et 
al., 1994). Identities are indicated by dashes, and conservative substi- 
tutions (T/S, WR, E/D, Y/F, L/V/l/A/M) are shown by dots. Vertical bars 
mark the boundaries of head, stalk, and tail domains, and the asterisk 
indicates Thr-927. We note that the H&g5 gene has been mapped 
to chromosome lOq24 (Tihy et al., 1992). 
(6) Specificity of anti-HsEg5 antibodies. Total extracts from baculovi- 
rus-infected Sf9 cells expressing recombinant HsEg5 (lanes 1 and 3) 
or from exponentially growing HeLa cells (H, lanes 2 and 4) were 
resolved by SDS-PAGE (10 ng of protein per lane), transferred to 
nitrocellulose, and probed with affinity-purified Eg5+ (lanes 1 and 2) 
no information has yet been obtained on either the identity 
of the in vivo targets of ~34~” involved in spindle morpho- 
genesis or the functional consequences of their phosphor- 
ylation. 
The present study was aimed at elucidating the in vivo 
function and regulation of HsEg5, a putative human homo- 
log of the XIEg5 mitotic motor. By microinjection of highly 
specific anti-HsEg5 antibodies, we demonstrate that 
HsEg5 function is required for the efficient separation of 
centrosomes and the assembly of bipolar spindles in HeLa 
cells. Furthermore, we show that HsEg5 is phosphorylated 
in a cell cycle-dependent manner. It is phosphorylated 
exclusively on serine during S phase, but on both serine 
and threonine during mitosis. The mitosis-specific phos- 
phorylation site was mapped to Thr-927. This residue is 
located within a cdc2 consensus motif in the C-terminal 
tail domain of HsEg5 and is readily phosphorylated by 
p34cdcYcyclin B in vitro. The functional importance of this 
site was examined by expressing phosphorylation site mu- 
tants of HsEg5 in HeLa cells, Our results indicate that cell 
cycle-dependent phosphorylation is important for promot- 
ing the spindle association of HsEg5. Cdc2 consensus 
sites corresponding to Thr-927 are also present in other 
bimC family members (Heck et al., 1993), suggesting that 
regulation by ~34~~~’ may be evolutionarily conserved. 
Results 
HsEg5 Function Is Required for Formation 
of a Bipolar Spindle In Vivo 
A 3.7 kb cDNA coding for HsEg5 was isolated by phage 
plaque hybridization, using a cDNA fragment correspond- 
ing to the motor domain of XlEgE as a probe (see Experi- 
mental Procedures). The complete nucleotide sequence 
of the HsEgS cDNA is available from EMBL/GenBank. As 
shown in Figure lA, the HsEg5 protein displays 88% se- 
quence identity to XIEg5 over the N-terminal motor domain 
and 45% and 41% identity over the C-terminal stalk and 
tail domains, respectively. These high levels of sequence 
conservation suggest that the two proteins are functional 
homologs. 
To investigate the function of HsEg5 in vivo, we adopted 
a microinjection approach, using a highly specific, affinity- 
purified polyclonal antibody (termed Eg5+) raised against 
the C-terminal tail domain of HsEg5 (see Experimental 
Procedures). In total HeLacell extracts, the Eg5+ antibody 
recognized a single protein (Figure 1 B, lane 2) that comi- 
grated exactly with HsEg5 overexpressed from a recombi- 
nant baculovirus in Sf9 insect cells (Figure lB, lane 1). 
The Eg5+ antibody also immunoprecipitated HsEg5 from 
?S- or 32P-labeled HeLa cell extracts (data not shown; see 
Figure 4A). A negative control antibody was prepared by 
isolating immunoglobulin Gs (IgGs) from the flowthrough 
of the Eg5+ affinity column. This preparation (termed 
or control Eg5- (lanes 3 and 4) antibodies (0.5 Kg/ml). The arrowhead 
marks HsEg5. The migration of prestained molecular mass markers 
(Sigma) is shown on the right. 
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Frgure 2. Microinjection of Eg5-t Antibodies into Interphase HeLa 
Cells Leads to Mitotic Arrest 
Asynchronously growing interphase HeLa cells were microinjected 
into the cytoplasm with Eg5+ (clustered microinjection protocol). For 
controls, identical injections were also carried out with Eg5- or preim- 
mune IgG (data not shown; see Table 1). Cells were fixed and pro- 
cessed for immunofluorescence microscopy 20 hr after injection, as 
detailed in Experimental Procedures. Shown are cells stained for in- 
jected antibody (a), microtubules (b), and DNA (c). Scale bar in (c) is 
10 nm. 
Eg5-) was depleted of all anti-HsEg5 activity, as assessed 
by immunoblotting (Figure 16, lanes 3 and 4). As a second 
control, a nonimmune rabbit IgG preparation was also 
used in some experiments. 
The effects of Eg5+ and control antibodies on cell cycle 
progression were investigated following their microinjec- 
tion into the cytoplasm of asynchronously growing HeLa 
cells. Injections were carried out in either a scattered (1 
cell per microscopic field) or clustered fashion (most cells 
in a field) and, 20 hr later, cells were fixed and analyzed 
by immunofluorescence microscopy. The results of these 
experiments are summarized in Figures 2 and 3 and in 
Table 1. Using the scattered injection assay, over 90% of 
the control-injected cells were found to proceed through 
mitosis to the 2-cell stage, with no abnormal phenotypes 
evident (see Figure 3d; Table l), but cells injected with 
Eg5+ failed to divide normally, and about 80% accumu- 
Eg5+ Tubulin DNA 
Figure 3. Analysis of Mitotic Arrest Phenotype Caused by Microin- 
jetted Eg5+ Antibodies 
Asynchronously growing interphase HeLa cells were microinjected 
with Eg5+ (a-c), Eg5- (d), or preimmune IgG (data not shown) as 
described in the legend to Figure 2, except that a scattered injection 
protocol was used (1 cell per microscopic field). Cells were fixed and 
processed for immunofluorescence microscopy 20 hr after injection. 
Cells were stained for injected antibodies([a], left and [d]. top), microtu- 
bules ([a] and [b], middle and [d], bottom), centrosomes ([b], left and 
]c]), and DNA ([a] and lb], right). Scale bars in (b), (c), and (d) are 
10 pm. 
lated as rounded mitotic cells (Figures 2a-2c, 3a, and 3b; 
Table 1). This mitotic block was stable and persisted for 
up to 40 hr. Hoechst staining of the DNA in the mitotically 
arrested cells revealed condensed chromosomes, but no 
evidence for chromosome alignment in a metaphase plate 
(Figures 2c, 3a, and 3b), suggesting a prometaphase ar- 
rest. As visualized by staining with anti-tubulin antibodies, 
arrested cells invariably displayed monoastral microtubule 
arrays (Figures 2b, 3a, and 3b). Staining with an antibody 
recognizing pericentriolar material (Bailly et al., 1989; 
Moudjou et al., 1991) revealed that these monoastral 
arrays had nucleated from centrosomes (Figure 3b). Gen- 
erally, centrosomes had duplicated but remained very 
close to each other (less than 2 urn apart), never migrating 
sufficiently far to allow the formation of a bipolar spindle 
(see Figure 3b). Moreover, the pericentriolar material often 
appeared fragmented (Figure 3~). These results demon- 
strate that HsEg5 is essential at the onset of mitosis for 
centrosome migration and stability and, consequently, for 
the formation of a bipolar metaphase spindle. 
To assess whether HsEg5 might also have an essential 
role during later stages of mitosis, particularly when the 
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Table 1. Effect of Antibody Injection into Interphase HeLa Cells 
Antibody Injected Eg5+ Eg5- Preimmune Serum IgG 
Divided Cells/Injected Cells (%) 211107 (19.6) 37/41 (90.2) 
7/64 (10.9) 57/62 (91.9) 
6169 (8.7) 94/l 00 (94) 
4/45 (8.9) 58/61 (95.1) 
Total 39/287 (13.6) 152/161 (94.4) 94/103 (91.3) 
Mitotic CellsYlnjected Cells (%) 73/107 (68.2) 2/41 (4.9) 
55164 (85.9) O/62 (0) 
61169 (88.4) OH 00 (0) 
40/47 (85.1) 0161 (0) 
Total 229/287 (79.8) O/161 (0) 2/103 (1.9) 
Asynchronous interphase HeLa cells were microinjected in a scattered fashion with Eg5+, control Eg5-, or preimmune serum IgG and fixed as 
outlined in the legend to Figure 2. Microscopic scanning of the glass coverslip allowed the calculation of the percentage of injected cells that had 
divided successfully or were in mitosis at the time of fixation. The results of four independent experiments are shown (with percentages shown 
in parentheses). Each of these experiments was controlled by either Eg5- or preimmune serum IgG injections. 
a In the case of Eg5+-injected cells, the term “mitotic cells” refers to the abnormal phenotype shown in Figures 2 and 3. 
spindle elongates and centrosomes separate further dur- 
ing anaphase B, we injected Eg5+, Eg5-, and nonimmune 
IgG into cells that had already set up a mitotic spindle. 
These were selected among exponentially growing HeLa 
cells using phase-contrast microscopy to identify cells with 
clearly visible metaphase chromosomes. By 20 hr after 
injection, 76%-92% of control-injected cells had pro- 
ceeded through mitosis to the 2-cell stage (Table 2). Of 
the EgS+injected cells, a similar percentage (78%) had 
also divided, with no significant proportion of cells dis- 
playing an abnormal phenotype (Table 2). These results 
indicate that HsEg5 function is no longer sensitive to inhibi- 
tion by microinjected antibodies beyond the metaphase 
stage and further document that the mitotic block ob- 
served after injection of Eg5+ antibodies into interphase 
cells is a highly specific event. 
Phosphorylation of HsEg5 In Vivo and In Vitro 
The above results demonstrate an essential role for HsEg5 
in the assembly of a bipolar spindle. To obtain information 
about possible mechanisms of regulation of this motor, 
we proceeded to determine whether HsEg5 is phosphory- 
lated in vivo. HeLa cells were synchronized in S and M 
phase (Krek and Nigg, 1991 a) and labeled with [3*P]ortho- 
phosphate, and HsEg5 was immunoprecipitated for analy- 
sis by SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) and autoradiography (Figure 4A). lmmunoblotting 
with anti-HsEg5 antibodies was performed to monitor the 
recovery of HsEg5 (Figure 46). Similar amounts of protein 
were recovered from both S and M phase samples, but 
mitotic HsEg5 displayed a slightly retarded electrophoretic 
mobility and was phosphorylated to an approximately 2- to 
3-fold higher level than S phase HsEg5. Most importantly, 
phosphoamino acid analyses (Figure 4C) revealed that 
mitotic HsEg5 was phosphorylated on both serine and 
threonine (lower panel), whereas S phase HsEg5 was ex- 
clusively phosphorylated on serine (upper panel). These 
results indicate that HsEg5 undergoes cell cycle-regu- 
lated phosphorylation on at least one threonine residue 
and that this threonine phosphorylation is strongly in- 
creased in M phase. 
The most prominent kinase activated during mitosis is 
p34ctiz/cyclin B (Nurse, 1990). Wewere therefore intrigued 
by the evolutionary conservation of a threonine-containing 
cdc2 consensus motif within the C-terminal tail domain 
of Eg5/bimC family members (Figure 5A). To determine 
whether this site could serve as a substrate for ~34~“V 
cyclin 9, the C-terminal tail domain of HsEg5 (residues 
764-i 057) was expressed as a MalE (maltose-binding pro- 
tein E) fusion protein in E. coli, purified on a maltose affinity 
column, and incubated with recombinant p34cd”2/cyclin B 
kinase in the presence of [y-32P]ATP. As a control, the 
Table 2. Effect of Antibody Injection into Mitotic HeLa Cells 
Antibody Injected Eg5+ Eg5- Preimmune Serum IgG 
Divided Cells/Injected Cells (O/O)  
Total 
28138 (73.7) 25/34 (73.5) 
24/40 (60) 14/l 7 (82.3) 
33143 (76.7) 42/45 (93.3) 
87/99 (87.8) 85/93 (91.4) 
172/220 (78.2) 1271138 (92) 39151 (76.5) 
Metaphase HeLa cells were micromjected with Eg5+, control Eg5-, or preimmune serum IgG and fixed as outlined in the legend to Figure 2. 
Scattered injection allowed the calculation of the percentage of injected cells that had divided successfully at the time of fixation. The results of 
four independent experiments are shown (with percentages shown in parentheses). Each experiment was controlled by either Eg5- or preimmune 
serum IgG injections. 
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Figure 4. HsEg5 Is Specifically Threonine-Phosphorylated clunng MI- 
tosis 
HsEg5 was immu noprecipitated after in vivo labeling of HeLa cells with 
[32P]orthophosphate. lmmunoprecrpitates were prepared from either 
aphidicolin-released S phase cells (S lanes) or nocodazole-arrested 
mitotic cells (M lanes). 
(A and B) lmmunoprecipitated proteins were analyzed by SDS-PAGE 
and autoradiography (A) or transferred to nitrocellulose and probed 
with Eg5+ antibodies (B). In (B), only the relevant part of the gel is 
shown. Stars Indicate the position of HsEg5. The high molecular mass 
coprecipitatrng phosphoprotein (marked by a dot in [A]) is not recog- 
nized by Eg5+ antibodies in the immunoblot (data not shown); thus 
protein has not been identified. 
(C) Phosphorylated HsEg5, isolated from S (top) and M phase cells 
(bottom) was subjected to phosphoamino acid analysrs. Radioactrve 
phosphoamino acids were vrsualized on a phosphorimager. Note that 
twice as many counts were loaded for the S phase sample, yet no 
phosphothreonine was detected. Conversely, based on phosphorim- 
ager analysis, we estimate that 20% of the total phosphate attached 
to M phase HsEg5 was on threonme. The mrgrations of nonradioactrve 
phosphoserine and phosphothreonine standards are indicated. 
MalE protein alone was also tested under the same condi- 
tions. As shown in Figure 5B, the MalE-Eg5 fusion protein 
was readily phosphorylated by p34cdc2/cyclin B in vitro (lane 
3) while the MalE protein was not (lane 1). To determine 
the identity of the phosphorylated residue, we also studied 
two mutant MalE-Eg5 proteins (T927S and T927A) in 
which the suspected ~34”~“’ phosphorylation site (Thr-927) 
had been changed to either serine or alanine (Figure 5C). 
The serine mutant was as readily phosphorylated as the 
wild-type protein (compare lanes 2 and 1 in Figure 5C), 
but no phosphorylation occurred when using the T927A 
tail as a substrate (lane 3). Phosphoamino acid analysis 
(Figure 5D) confirmed that phosphorylation of thewild-type 
Eg5 tail occurred on threonine (upper panel), whereas 
phosphorylation of the T927S mutant occurred on serine 
(lower panel). This shows unequivocally that Thr-927 rep- 
resents the major in vitro phosphorylation site for ~34”~“’ 
within the C-terminal domain of Eg5. 
To determine whether Thr-927 corresponds to the mi- 
totic threonine phosphorylation site observed in vivo (see 
Figure 4), HsEg5 was metabolically labeled during a mi- 
totic arrest and recovered by immunoprecipitation. In par- 
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Figure 5. Identification of Thr-927 as a Cdc2 Phosphorylation Site in 
the Tail Domain of HsEg5 
(A) Schematrc representation of the HsEg5 protein domain structure 
and sequence comparison of the tail region of five members of the 
bimC KRP family. The sequences shown correspond to amino acids 
918-937 in HsEg5, 921-940 in XIEg5 (LeGuellec et al., 1991). 924- 
943in KLPGlF(Hecketal., 1993),997-1016inbimC(EnosandMorris, 
1990) and 990-1009 in cut7 (Hagan and Yanagida, 1990). Residues 
common to at least three proteins are shown in bold, and those consti- 
tuting a cdc2 consensus site (Nigg, 1993) are in large type. The asterisk 
marks the purported cdc2 threonine phosphorylation site. 
(6) In vitro phosphorylation of recombinant HsEg5 tail by p34cdcz/cyclin 
B. We incubated 100 ng of purified recombinant MalE-Eg5(AN763) 
fusron protein in the presence of [yJ’P]ATP and p34cdcz/cyclin B protein 
kinase (lane 3). As controls, parallel incubations were performed rn 
the absence of kinase (lane 2) or with 100 ng of MalE protein as sub- 
strate (lane 1). 
(C) Identification of Thr-927 as the cdc2 phosphorylahon site. In vitro 
phosphorylations with ~34~~“~ lcyclin B were carried out as in (B). using 
either the wild-type MalE-Eg5(AN763) fusion protein (lane 1) or the 
corresponding T927S (lane 2) and T927A mutants (lane 3) as sub- 
strates. 
(D)The rn vitro phosphorylated proteinsshown rn (C) were subjected to 
phosphoamino acid analysrs. Top, weld-type MalE-Eg5(AN763) fusron 
protein; bottom, T927S mutant. The positions of nonradioactive phos- 
phoserine and phosphothreonine standards are Indicated. 
(E) Comparison of in vivo and in vitro phosphorylation of HsEg5 by 
tryptic phosphopeptide mapping. In vivo phosphorylated mitotrc 
HsEg5 and in vitro phosphorylated MalE-Eg5(AN763) were subjected 
to tryptic phosphopeptide mapping. Phosphopeptides were visualized 
by autoradiography. The three panels, from left to rrght, show HsEg5 
immunoprecipitated from 32P-labeled, nocodazole-arrested HeLa cells 
in viva; MalE-Eg5(AN763) phosphorylated by p34cdc2/cyclrn B in vitro; 
and a mtxture of in vivo and in vitro samples. Note precise comigratron 
of phosphopeptides b and c. We emphasize that mixing experiments 
were repeated several times, deliberately varying the radroactivity in- 
put ratros. and comrgration was observed rn all cases. 
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allel, the MalE-Eg5 tail fusion protein was phosphorylated 
by the p34cd”2/cyclin 6 protein kinase in vitro. The two phos- 
phoproteins were then subjected to tryptic phosphopep- 
tide mapping (Figure 5E). This analysis revealed three ma- 
jor phosphopeptides for in vivo labeled full-length HsEg5 
(Figure 5E, left) and two phosphopeptides for in vitro phos- 
phorylated MalE-Eg5 tail protein (center). As shown by 
mixture of the two samples (Figure 5E, right), the two pep- 
tides obtained by in vitro phosphorylation (peptides b and 
c) comigrated exactly with two of the three peptides ob- 
tained from in vivo labeled HsEg5. The observation that 
the ~34~~’ phosphorylation site yielded two phosphopep- 
tides is not unexpected, since the presence of two basic 
residues (TPQRK) will favor partial proteolysis by trypsin 
(Boyle et al., 1991). 
Spindle Association of HsEg5 Requires 
Phosphorylation of Thr-927 within the C-Terminal 
Tail Domain 
To elucidate the functional consequences of HsEg5 phos- 
phorylation by p34”&‘, we mutated Thr-927 by site-directed 
mutagenesis. Myc epitope-tagged versions of wild-type 
and mutated HsEg5 proteins were then transiently ex- 
pressed in HeLa cells, and their subcellular distribution 
was analyzed by indirect immunofluorescence micros- 
copy with anti-Myc antibodies. In parallel, cells were 
stained for tubulin and DNA (Figure 6). In interphase cells, 
Myc-tagged wild-type HsEg5 was diffusely distributed in 
the cytoplasm (Figure Sa). However, the protein became 
concentrated at centrosomes during prophase (Figure 6b) 
and localized to the mitotic spindle during metaphase (Fig- 
ure 6~). Some spindle association could also be discerned 
during anaphase (Figures 6d and se), particularly in the 
regions between the poles and the separated chromo- 
somes. Spindle staining became weaker as cells pro- 
gressed through anaphase B (Figure 6e) and telophase, 
concomitant with a concentration of HsEg5 at postmitotic 
bridges (data not shown). Virtually identical results were 
obtained when the localization of endogenous HsEg5 was 
determined using affinity-purified Eg5+ antibodies (Fig- 
ures 6f-6h; see also Sawin et al., 1992; Houliston et al., 
1994; Sawin and Mitchison, 1995), indicating that epitope- 
tagged HsEg5 was localized correctly in transfected HeLa 
cells. 
Next, we proceeded to determine the subcellular local- 
ization of HsEg5 mutants. In particular, we studied a C-ter- 
minally truncated HsEg5 protein, MycEg5(AC897), which 
lacks the last 161 amino acids including Thr-927, and a 
mutant, MycEg5(T927A), in which Thr-927 was replaced 
by a nonphosphorylatable alanine (Figure 7). When ex- 
pressed in HeLa cells, both mutants failed to associate 
with centrosomes during prophase (data not shown; Fig- 
ures 7b and 7c), as well as with mitotic spindles during 
metaphase (Figures 7a and 7d). Hence, the absence of 
a phosphorylatable residue at position 927 produced the 
same mislocalization of HsEg5 as did deletion of 161 C-ter- 
minal residues containing the cdc2 phosphorylation site. 
Indistinguishable results were obtained when Thr-927 was 
replaced by an aspartic acid, suggesting that an acidic 
residue is not sufficient to mimic phosphorylation (data 
Myc-Eg5(wt) Tubulin DNA 
HsEa5 Tubulin 
Figure 6. Subcellular Localization of Endogenous and Transfected 
(Myc-Tagged) HsEg5 in Mitotic HeLa Cells 
Following transfection with wild-type HsEg5, HeLa cells were fixed 
and processed for indirect immunofluorescent staining with anti-Myc 
and anti-tubulin antibodies (a-e). Endogenous HsEg5 was visualized 
in untransfected HeLa cells using the Eg5+ antibody (f-h). DNA was 
stained with Hoechst dye 33258. Interphase (a and 9, prophase (b 
and g), metaphase (c), anaphase A (d and h), and anaphase B(e) are 
shown. Scale bars in (a), (e), (f), and (h) are 10 pm. 
not shown). Taken together, these findings indicate that 
phosphorylation of Thr-927 is required for spindle associa- 
tion of HsEg5. To determine whether the deleted C-ter- 
minal peptide alone might contain all the structural infor- 
mation required for spindle association, a Myc-tagged 
version of the HsEg5 C-terminus was introduced into HeLa 
cells. However, no spindle association could be detected 
(data not shown), indicating that the C-terminus is neces- 
sary but not sufficient for targeting HsEg5 to the spindle. 
Discussion 
In this study we report two major findings concerning the 
function and regulation of the human KRP HsEg5. First, 
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Myc-Eg5 
(mutants) Tubulin DNA 
T927A 
Figure 7. Subcellular Localization of Nonphosphorylatable HsEg5 
Mutants 
HeLa cells were transfected with plasmids expressing either MycEg5 
(AC896) (AC; a) or MycEg5(T927A) (T927A; b-d). They were then 
processed for immunofluorescence microscopy as described in the 
legend to Figure 6. Prophase (b and c) and metaphase (a and d) are 
shown. Scale bar in (b) is 10 pm. 
we show by antibody microinjection that this plus end- 
directed motor is required forcentrosome migration during 
spindle morphogenesis in vivo. Second, we demonstrate 
that HsEg5 is a likely physiological substrate of ~34”~““. 
We identify the cdc2 phosphoryation site as Thr-927 and 
show that cell cycle-dependent phosphorylation of this 
residue regulates the proper localization of HsEg5 during 
spindle assembly. 
In Vivo Formation of a Bipolar Spindle 
Requires HsEg5 
By structural criteria, vertebrate Eg5 belongs to the bimC 
subfamily of KRPs (LeGuellec et al., 1991). Its function 
has previously been studied in vitro (Sawin et al., 1992) 
taking advantage of Xenopus egg extracts, which afford 
the opportunity to study various aspects of spindle assem- 
bly and dynamics (Lohka and Mailer, 1985; Murray and 
Kirschner, 1989; Belmont et al., 1990; Verde et al., 1990; 
Sawin and Mitchison, 1991; Holloway et al., 1993). Addi- 
tion of anti-Eg5 antibodies to Xenopus egg extracts mark- 
edly reduced the extent of spindle formation and resulted 
in thedisruptionof preformedspindles(Sawin etal., 1992). 
The data reported here provide direct evidence that HsEg5 
is required for the establishment of a bipolar spindle in 
vivo. Microinjection of Eg5+ antibodies caused up to 80% 
of the injected cells to arrest with monoastral microtubule 
arrays, indicating that HsEg5 is required for centrosome 
separation during spindle morphogenesis. At present, we 
cannot provide a detailed explanation of how Eg5+ anti- 
bodies interfere with HsEg5 function. However, these anti- 
bodies were raised against the C-terminal tail domain of 
the protein and do not block its motor activity in vitro (A. B., 
unpublished data). Thus, we suspect that they may inter- 
fere with the correct localization of HsEg5. This view is 
supported by the absence of a visible concentration of 
the injected antibodies at spindle structures. We cannot 
exclude the possibility that HsEg5 might also play a role 
in maintaining the stability or promoting the elongation of 
the spindle during anaphase 8. However, injection of 
Eg5+ antibodies into metaphase cells did not inhibit the 
completion of mitosis, suggesting that HsEg5 may not be 
required at stages beyond metaphase. Alternatively, 
HsEg5 may be functionally redundant at later times, or 
antibodies injected during midmitosis might not reach the 
relevant epitopes. 
Recently, antibodies directed against the motor domain 
of cytoplasmic dynein were injected into Ptk cells (Vais- 
berg et al., 1993). These antibodies blocked centrosome 
migration during spindle assembly but not during ana- 
phase B, suggesting that cytoplasmic dynein is required 
for centrosome separation at early stages of mitosis, but 
may be functionally redundant with other minus end- 
directed motors at later stages. The similarity between the 
results obtained for cytoplasmic dynein and those reported 
here for HsEg5 is striking. Taken together, these studies 
provide strong support for the proposal that centrosome 
separation may depend on the cooperation of both plus 
end- and minus end-directed motors (Saunders and Hoyt, 
1992; O’Connell et al., 1993; Ault and Rieder, 1994; Saun- 
ders et al., 1995). 
Phosphorylation by p34cdc2 Regulates HsEg5 
Phosphorylation has long been recognized as a major 
mechanism for regulating the properties of mechano- 
chemical motor proteins, as illustrated by extensive stud- 
ies on myosin (Warrick and Spudich, 1987). Similarly, 
phosphorylation of axonal kinesin heavy and light chains 
has been reported (Sato-Yoshitake et al., 1992; Hollen- 
beck, 1993; Matthieset al., 1993). Prompted bythesestud- 
ies, we asked whether the mitotic function of HsEg5 might 
be regulated by phosphorylation. We found that HsEg5 
is specifically phosphorylated during mitosis on Thr-927. 
Furthermore, we showed that the same residue is phos- 
phorylated by p34cdc2/cyclin B in vitro, indicating that 
P34CdC2 may directly phosphorylate HsEg5 in vivo. How- 
ever, it is notoriously difficult to prove definitively that a 
particular kinase acts on a particular substrate in vivo, 
and it remains possible that other protein kinases (e.g., 
members of the MAP kinase family) might also phosphory- 
late Thr-927 (for further discussion see Nigg, 1993). Inter- 
estingly, a cdc2 consensus site corresponding to Thr-927 
is conserved in the tail domains of XIEg5, bimC, cut7, and 
KLP61F (Heck et al., 1993; Figure 5A), suggesting that 
the regulatory mechanism identified here may have arisen 
early during evolution. 
The functional consequences of phosphorylation at Thr- 
927 were examined by site-directed mutagenesis and tran- 
sient expression of mutated HsEg5 proteins in HeLa cells. 
Expression of the Eg5(T927A) mutant did not interfere with 
mitotic spindle function in a dominant-negative fashion, 
but the substitution of Thr-927 with alanine abolished the 
ability of the mutant HsEg5 to bind to the spindle appara- 
tus. Therefore, it is attractive to propose that activation of 
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p34C&’ at the G2/M transition may be required to promote 
the association of HsEg5 with centrosomes during early 
prophase. In turn, this interaction might constitute the trig- 
ger for the onset of centrosome separation. Indepen- 
dently, Sawin and Mitchison (1995) recently reported the 
results of a mutational analysis performed on XIEg5. 
These authors also showed that Eg5 associates with mi- 
crotubules specifically at the onset of M phase. Moreover, 
they identified Thr-937 (corresponding to Thr-927 in 
HsEg5) as a critical residue determining proper spindle 
localization and speculated on a possible regulatory role 
of phosphorylation. Our present biochemical results fully 
support this proposal. 
We emphasize that bimC family members are unlikely 
to be the only spindle-associated motor proteins to be con- 
trolled by phosphorylation. In an in vitro study on chro- 
mosome sliding along microtubules, phosphorylation of 
kinetochore-associated motors has been implicated in de- 
termining the direction of chromosome movement (Hyman 
and Mitchison, 1991), although the motors and kinases 
involved in this process could not be identified. One of 
these motors may be centromere protein E (CENP-E), 
which was recently proposed to be a physiological sub- 
strate of ~34~“~ (Liao et al., 1994). CENP-E is specifically 
phosphorylated during mitosis in vivo and by ~34~“’ pro- 
tein kinase in vitro, but the in vivo phosphorylation sites 
in CENP-E have not been mapped. Interestingly, phos- 
phorylation of the CENP-E tail domain inhibited its binding 
to microtubules, leading to the suggestion that ~34~“’ 
might suppress the microtubule cross-linking activity of 
CENP-E until the onset of anaphase (Liao et al., 1994). 
On the other hand, recent studies suggest that CENP-E 
might function as a coupling factor at kinetochores (Lom- 
billo et al., 1995b), and, in support of this latter view, 
CENP-E appears to be a minus end-directed motor 
(Thrower et al., 1995). Consistent with both models, 
CENP-E is transiently bound to kinetochores during early 
mitosis, but moves to interdigitating microtubules during 
anaphase and is degraded during telophase (Yen et al., 
1992; Brown et al., 1994). 
In conclusion, we propose that ~34~~~~ may regulate the 
activity of multiple mitotic motor proteins in a coordinated 
fashion. The functional consequences of phosphorylation 
(or dephosphorylation) of a given motor are expected to 
depend on its directionality and subcellular localization 
and on whether phosphorylation regulates motor activity 
or interactions between the motor and other proteins. In 
this way, ~34~~“’ might contribute to regulation of microtu- 
bule-dependent motility not only during spindle assembly, 
but also during chromosome congression and anaphase 
onset. 
Experimental Procedures 
Isolation and Sequencing of a cDNA Encoding HsEg5 
A hZap cDNA library from human Daudi cells (Uze et al., 1990) was 
screened with a J2P-labeled 1100 bp EcoRI-BamHI fragment (lO”cpm/ 
ml) coding for the motor domain of XIEg5 (LeGuellec et al., 1991). A 
total of 3 x lo5 phages were transferred to Hybond-N filters (Amer- 
sham) and hybridized at 42°C for 24 hr in hybridization buffer (1 M 
NaCI, 50 mM Tris IpH 7.51, 0.1% sodium pyrophosphate, 10x Denh- 
ardt’s solution, 10% dextran sulfate, 1% SDS, and 30% deionized 
formamide). Filters were washed once at room temperature for 5 min 
in 2 x SSC and 0.5% SDS and four times at 60°C for 15 min in 6 x 
SSC and 0.5% SDS. Positive phages were plaque purified, and inserts 
were subcloned into Bluescript plasmids (Stratagene). Nucleotide se- 
quence determination was performed by the dideoxy chain termination 
method, using deletion mutants generated by unidirectional digestion 
with DNase I (Thomas and Surdin-Kerjan, 1990). 
Cell Culture and Synchronization 
HeLa cells were cultured as described previously (Krek and Nigg, 
1991 b). In vivo “P-labeled S phase HeLa cells were obtained by treat- 
ing 75% confluent cultures for 19 hr with aphidicolin (1 uglml), releas- 
ing for 1 hr into drug-free medium, washing with phosphate-free me- 
dium (MEM with Eagle’s salts; GIBCO), and then incubating for 4 hr 
in the same medium supplemented with 5% dialyzed fetal calf serum, 
10% normal phosphate-containing medium, and 0.8 mCi/ml of P2P]or- 
thophosphate (Amersham). To obtain “P-labeled prometaphase- 
arrested HeLa cells, we incubated 75% confluent cultures with noco- 
dazole (50 nglml) for 14 hr and transferred them for another 4 hr to 
nocodazolecontaining =P-labeling medium (as above). 
Antibody Preparation, Immunoprecipitation, 
and lmmunoblottlng 
Affinity-purified MalE-Eg5(AN763) fusion protein, encoding the 
C-terminal 294 residues of HsEg5, was injected into New Zealand 
white rabbits (Elevages Scientifique des Dombes, France). Protein 
(250 ug for each injection) was administered subcutaneously on days 
1,28,56, and 84, and immune serum was obtained on day 116. For 
affinity purification of antibodies, serum was passed over a MalE col- 
umn to remove antibodies reacting with the MalE fusion partner. Then, 
antibodies specific for HsEg5 were purified on a MalE-Eg5(AN763) 
column. The two columns were constructed by binding either MalE 
or MalE-Eg5(AN763) protein to CNBr-activated Sepharose beads, ac- 
cording to the instructions of the manufacturer (Pharmacia). IgGs were 
eluted from the columns with 100 mM glycine-HCI (pH 2.5) and neutral- 
ized with 1 M Tris (pH 6). A negative control antibody (Eg5-) was 
prepared by passing the flowthrough of the affinity column, depleted 
of all HsEgS-specific antibodies, over a protein A-Sepharose column 
(Pharmacia) and eluting with 100 mM glycine-HCI (pH 3.0) according 
to the instructions of the manufacturer. IgGs were dialyzed extensively 
against PBS, concentrated using a Centricon 30 unit (Amicon), and 
frozen in small aliquots at -7OOC. 
Metabolically labeled cell extracts were prepared and immunopre- 
cipitations were performed as previously described (Krek and Nigg, 
1991 a), using 6 ul/ml of affinity-purified anti-HsEg5 antibodies (9.6 mg/ 
ml in PBS). For immunoblotting (Krek and Nigg, 1991a), Eg5+ and 
Eg5- antibodies were diluted to 500 nglml in PBS, 0.2% Tween 20. 
Alkaline phosphatase-conjugated secondary antibodies (Promega) 
were diluted 1:7000 in the same solution. 
In Vitro Kinase Assays and Phosphorylation Site Analyses 
In vitro phosphorylations of MalE fusion proteins were performed by 
incubating 100 ng of purified proteins in a total volume of 20 ul with 
recombinant p34Ycyclin B kinase. Incubations were carried out for 
30 min to 2 hr at 30°C in cdc2 kinase buffer (50 mM Tris [pH 7.4). 10 
mM MgC$, 6 mM EGTA, and 10 uM ATP) in the presence of (y.32P]ATP 
(0.3 mCi/ml; Amersham). p34m”z/cyclin B kinase, provided by Drs. 
K.-H. Nasheuer and E. Fanning (University of Munich), was purified 
from an extract of insect Sf9 cells infected with recombinant baculovi- 
ruses encoding chicken ~34~~ and cyclin B2. Phosphoamino acid 
analyses and tryptic peptide mapping experiments were carried out 
as described previously (Peter et al., 1990; Krek and Nigg, 1991a; 
Boyle et al., 1991). Thin-layer chromatography plates were exposed 
for 3 weeks at -70°C using Kodak X-OMAT film and intensifying 
screens, or for 24 hr on a phosphorimager screen (Molecular Dy 
namics). 
Construction of Plasmids and Baculoviruses 
A plasmid expressing the Myc epitope-tagged full-length HsEg5 pro- 
tein was generated by inserting an EcoRl fragment encoding the entire 
HsEg5 protein downstream of the Myc tag (Schmidt-Zachmann and 
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Nigg, 1993) and transferring the entire MycEg5 construct into the 
Hindlll-No&digested pRcCMV plasmid (Invitrogen). A plasmid ex- 
pressing MycEg5(AC897) was derived from MycEg5 by generating an 
Xbal deletion, followed by a Klenow repair and insertion of a three- 
frame stop codon linker d(lTAA)3. Point mutations changing Thr-927 
to alanine or aspartic acid were introduced using the Transformer 
Mutagenesis kit (Stratagene). Oligonucleotides used were S’CAACAGG- 
TACGGCGCCACAGAGGA-3’, to mutate Thr-927 to alanine (thereby 
introducing a Narl site), and 6’-CCAACAGGTACGGATCCACAGAG- 
GA-3’. to mutate Thr-927 to aspartic acid (thereby introducing a EarnHI 
site). The T927S mutation was created by PCR, using 5’-CTG- 
GATATCCCAACAGGTACCTCTCCACAGAGGA-3’ as the upstream 
oligonucleotide for mutagenizing Thr-927 (ACA) to serine (TCT) and 
Thr-926 (ACA) to threonine (ACC), thereby generating a Kpnl site, 
5’-GTGAACTATAGGGATGACAG-3’, as the downstream oligonucleo- 
tide and the full-length HsEg5 cDNA in Bluescript as a template. The 
PCR product was digested with EcoRV, purified on an agarose gel, 
and subcloned back into the original HsEg5 plasmid. A plasmid ex- 
pressing the wild-type C-terminal domain (MycEg5[AN896]) was con- 
structed by fusing the Xbal restriction fragment obtained from the 
full-length cDNA to a Myc tag and transferring the entire construct into 
pRcCMV. Plasmids allowing the prokaryotic expression of MalE fusion 
proteins were constructed by inserting a Hincll-BamHI fragment (in 
the case of the wild-type HsEg5 cDNA) or a Hincll-EcoRI fragment 
(in the case of the T927A and T927S mutant cDNAs) into a pMalc2 
plasmid (New England Biolabs) that had been digested with Xmnl and 
either BamHl or EcoRI, respectively. Fusion proteins were expressed 
in DH5a bacteria and affinity purified according to the instructions of 
the manufacturer (New England Biolabs). 
A baculovirus expressing wild-type HsEg5 was constructed by sub- 
cloning an EcoRl cDNA fragment encompassing the entire HsEg5- 
coding sequence into pVL1392 (Pharmingen). Production of recombi- 
nant virus and infection of Sf9 cells were performed as described 
previously (Fry et al., 1995). 
Transfection and Microinjection Experiments 
HeLa cells were seeded onto glass coverslips at a densrty of 9 x lo4 
cells per 35 mm dish and transiently transfected with 10 ng of plasmid 
DNA as previously described (Krek and Nigg, 1991 b). Subsequently, 
cells were cultured for a further 24 hr prior to analysis. 
For microinjection, HeLa cells were grown on acid-washed glass 
coverskps (Lamb et al., 1988) for at least 2 days until 50% confluent. 
Coverslips were transferred into fresh medium before injection of the 
appropriate IgG preparation (2 mglml in 50% PBS) into the cytoplasm 
of interphase or metaphase cells. Injections were carrred out using an 
Eppendorf semiautomatic microinjection apparatus. Injections were 
either widely scattered (1 cell per microscopic field), so that any effects 
on the ability of injected cells to divide could be clearly observed, or 
clustered, to see the overall phenotype. Immediately after injection, 
coverslips were placed mto fresh medium and Incubated for 20 hr 
before fixation. 
lmmunofluorescence Microscopy 
For immunofluorescence microscopy, cells were fixed at room temper- 
ature for 10 mm with 3.7% formaldehyde in PBS and permeabilized 
for 30 s with 100% acetone at -2OOC. In the case of transfected cells, 
costaining of HsEg5 and microtubules was performed by first incubat- 
mg coverslips for 20 min at room temperature with undiluted culture 
supernatant of the 9E10 anti-Myc hybridoma (Evan et al., 1985). For 
staining of endogenous HsEg5. the Eg5+ antibody was used at 2 pg/ 
ml. Coverslips were then extensively washed with PBS containrng 
0.2% Tween 20 and incubated for 30 min at room temperature with 
biotinylated anti-mouse or anti-rabbit secondary antibodies (diluted 
1:50; Amersham). After an additional wash, coverslips were incubated 
for 1 hr at room temperature with undiluted rat anti-tubulin YOL1/34 
hybridoma supernatant (Serotec), washed again, and finally incubated 
for30 min at room temperature with a mixture of Texas red-conjugated 
streptavrdin (1:200; Amersham) and FITC-conjugated anti-rat IgG antr- 
body(l:150; Sigma).Afterseveralwashesin PBSanda lominstaining 
of DNA with Hoechst 33258 (0.2 nglml in PBS), coverslrps were 
mounted in 80% glycerol, 3% n-propyl gallate (in PBS) mounting me- 
drum. Micrornjected cells were fixed, and the injected rabbit antibody, 
as well as microtubules, was visualized as described above. For 
centrosomal staining, cells were fixed either as above or in -20°C 
methanol for 6 min. as described previously (Moudjou et al., 1991). 
Centrosomes were revealed by incubation for 1 hr at room temperature 
with hybridoma supernatant (diluted 1:5 in PBS) of CTR453, a mouse 
monoclonal antibody directed against a pericentriolar antigen (Moud- 
jou et al., 1991). This reagent was provided by Dr. M. Bornens (Gif-sur- 
Ivette, France). Antibody CTR453 was then visualized using the biotin- 
streptavidin system as described above, and cells were counterstained 
either for microtubules as above or for injected IgGs by a 30 min 
incubation with anti-rabbit DATF (1:500; Pierce). All cells were ob- 
served with a Zeiss Axiophot microscope using a 63 x oil immersion 
objective. 
Acknowledgments 
Correspondence should be addressed to E. A. N. We thank K.-H 
Nasheuer and E. Fanning (Munich) for a kmd gift of recombinant 
p34cdc2/cyclin Band M. Bornens (Gif-sur-Yvettes) for providing antibod- 
ies against centrosomes. We also thank M. Philippe (University of 
Rennes), E. Karsenti (European Molecular Biology Laboratory 
[EMBL]), A. Hyman (EMBL), and J. Pines(Cambridge) for helpful com- 
mentson the manuscript and M. Allegrini and P. Dubiedfor theartwork 
This work was supported by grants from the Swiss National Science 
Foundation (31-33615.92) and the Swiss Cancer League (FOR447) 
(to E. A. N) and from Assocration de la Recherche sur le Cancer (to 
M K.). A. B. and H. A. L. acknowledge postdoctoral fellowships from 
the European Molecular Biology Organization and the Schering Re- 
search Foundation, respectively. 
Received May 16. 1995; revised November 6, 1995. 
References 
Afshar, K.. Barton, N.R., Hawley, R.S., and Goldstein, L.S.B. (1995). 
DNA bmding and merotic chromosomal localizatron of the Drosophrla 
nod kinesin-like protein. Cell 81, 129-138. 
Ault, J.G., and Rieder, CL. (1994). Centrosomeand kinetochore move- 
ment during mitosis. Curr. Opin. Cell Biol. 6, 41-49. 
Bailly, E., Do&e, M., Nurse, P.. and Bornens, M. (1989) ~34~~~~ IS 
located in both nucleus and cytoplasm: part is centrosomally assocr- 
ated at G2/M and enters vesicles at anaphase. EMBO J. 8. 3985- 
3995. 
Belmont, L.D., Hyman, A.A., Sawm, K.E., and Mitchison. T.J (1990). 
Real-ttme vrsualization of the cell cycle changes in microtubule dynam- 
ICS in cytoplasmic extracts. Cell 62, 579-589. 
Boyle, W.J , Van der Geer, P., and Hunter, T. (1991). Phosphopeptrde 
mapping and phosphoamino acid analysis by two-dimensional separa- 
tion on thin-layer cellulose plates. Meth. Enzymol. 201, 110-149. 
Brown, K.D., Coulson. R.M.R.,Yen,T.J.. andcleveland, D.W. (1994). 
Cyclm-like accumulatron and loss of the putative kinetochore motor 
CENP-E results from coupling contrnuous synthesis wrth specific deg- 
radation at the end of mitosis J. Cell Biol. 125. 1303-1312. 
Desar, A., and Mrtchison, T J. (1995). A new role for motor proterns 
as couplers to depolymerrzing mrcrotubules. J. Cell Biol. 728. l-4 
Endow, S.A.. and Tutus, M.A. (1992). Genetic approaches to molecular 
motors Annu Rev. Cell 6101. 8, 29-66 
Enos. A P.. and Morris, N.R. (1990). Mutation of a gene that encodes 
a kinesrn-like protein blocks nuclear divrsion rn A. nidulans. Cell 60. 
1019-1027 
Evan. G.I.. Lewis, G.K., Ramsay. G., and Bishop, J M. (1985). lsolatron 
of monoclonal antibodres specific for human c-myc proto-oncogene 
product. Mol Cell. Eiol 5. 3610-3616. 
Fry. A.M., Schultz, S.J.. Bartek, J.. and Nigg. E.A (1995). Substrate 
specrfrcrty and brochemrcal propertres of the Nek2 protern krnase, a 
potentral human homolog of the mitotrc regulator NIMA of Asperg//& 
nidulans. J Blot Chem. 270, 12899-12905. 
Goldstern, L S.B. (1993a) With apologies to Scheherazade- tarls of 
1001 kinesrn motors Annu Rev Genet. 27. 319-351 
Cell 
1168 
Goldstein, L.S.6. (1993b). Functional redundancy in mitotic force gen- 
eration J. Cell Biol. 120, 1-3. 
Hagan, I., and Yanagida. M. (1990). Novel potential mitotic motor pro- 
tein encoded by the fission yeast cut7+ gene. Nature 347, 563-566 
Hagan, I., and Yanagida, M. (1992). Kinesin-related cut7 protein asso- 
ciates with mitotic and meiotic spindles in fission yeast. Nature 356, 
74-76. 
Heck, M.M.S., Pereira, A., Pesavsnto, P., Yannoni, Y., and Spradling, 
A.C. (1993). The kinesin-like protein KLPGIF is essential for mitosis 
in Drosophila. J. Cell Biol. 723, 665-679. 
Hollenbeck, P.J. (1993). Phosphorylation of neuronal kinesin heavy 
and light chains in viva. J. Neurochem. 60, 2265-2275. 
Holloway, S.L., Glotzer, M., King, R.W., and Murray, A.W. (1993). 
Anaphase is initiated by proteolysis rather than by the inactivation of 
maturation-promoting factor. Cell 73, 1393-1402. 
Holzbaur, E.L.F., and Vallee, R.B. (1994). Dyneins: molecular struc- 
ture and cellular function. Annu. Rev. Cell Biol. 70, 339-372. 
Houliston, E., Le Guellec, R., Kress, M., Philippe, M., and Le Guellec, 
K. (1994). The kinesin-related protein Eg5 associates with both in- 
terphaseandspindlemicrotubulesduringXenopusearlydevelopment. 
Dev. Biol. 764, 147-159. 
Hoyt, M.A. (1994). Cellular roles of kinesin and related proteins. Curr. 
Opin. Cell Biol. 6, 63-68. 
Hoyt, M.A., He, L., Loo, K.K., and Saunders, W.S. (1992). Two Sac- 
cbafomyces cerevisiae kinesin-related gene products required for mi- 
totic spindle assembly. J. Cell Biol. 778, 109-120. 
Hunt, T. (1991). Cyclins and their partners: from a simple idea to com- 
plicated reality. Semin. Cell Biol. 2, 213-222. 
Hyman, A.A., and Mitchison, T.J. (1991). Two different microtubule- 
based motor activities with opposite polarities in kinetochores. Nature 
357, 206-211. 
moue, S. (1981). Cell division and the mitotic spindle. J. Cell Biol. 97, 
131s-147s. 
Karsenti, E. (1991). Mitotic spindle morphogenesis in animal cells. 
Semin. Cell Biol. 2, 251-260. 
Kirschner, M., and Mitchison, T. (1986). Beyond self-assembly: from 
microtubule to morphogenesis. Cell 45, 329-342. 
Krek, W., and Nigg, E.A. (1991a). Differential phosphorylationofverte- 
brate ~34~~~~ kinase at the GllS and GZ!/M transitions of the cell cycle: 
identification of major phosphorylation sites. EM90 J. 70, 305-316. 
Krek, W.. and Nigg, E.A. (1991 b). Mutationsof p34c6c2phosphorylation 
sites induce premature mitotic events in HeLa cells: evidence for a 
double block to ~34~~~~ kinase activation in vertebrates. EMBO J. 70, 
3331-3341. 
Lamb, N.J.C., Fernandez, A.,Conti, M.A., Adelstein, R.S., Glass, D.B., 
Welch, W.J., and Feramisco, JR. (1988). Regulation of actin microfila- 
ment integrity in living nonmusclecells bythecAMP-dependent protein 
kinase and the myosin light chain kinase. J. Cell Biol. 706,1955-1971. 
LeGuellec, R., Paris, J., Couturier, A., Roghi, C., and Philippe, M. 
(1991). Cloning by differential screening of a Xenopus cDNA that en- 
codes a kinesin-related protein. Mol. Cell. Biol. 77, 3395-3398. 
Liao, H., Li, G., and Yen, T.J. (1994). Mitotic regulation of microtubule 
cross-linking activity of CENP-E. Science 265, 394-398. 
Lohka, M.J., and Mailer, J.L. (1985). Induction of nuclear envelope 
breakdown, chromosome condensation, and spindle formation in cell- 
free extracts. J. Cell Biol. 707, 518-523. 
Lombillo, V.A., Nislow, C., Yen, T.J., Gelfand, V.I., and McIntosh, J.R. 
(1995a). Antibodies to the kinesin motor domain and CENP-E inhibit 
microtubule depolymerization-dependent motion of chromosomes in 
vitro. J. Cell Biol. 728, 107-115. 
Lombillo, V.A., Stewart, R.J., and McIntosh, J.R. (1995b). Minus-end- 
directed motion of kinesin-coated microspheres driven by microtubule 
depolymerization. Nature 373, 161-164. 
Matthies, H.J.G., Miller, R.J., and Palfrey, H.C. (1993). Calmodulin 
binding to and CAMP-dependent phosphorylation of kinesin light 
chains modulate kinesin ATPase activity. J. Biol. Chem. 268, 11176- 
11187. 
McIntosh, J.R., and Hering, G.E. (1991). Spindle fiber action and chro- 
mosome movement. Annu. Rev. Cell Biol. 7. 403-426. 
McIntosh, JR., and Pfarr, C.M. (1991). Mitotic motors. J. Cell Biol. 
7 75, 577-585. 
Morgan, D.O. (1995). Principles of CDK regulation. Nature 374, 131- 
134. 
Moudjou, M., Paintrand, M., Vigues, B., and Bornens, M. (1991). A 
human centrosomal protein is immunologically related to basal- 
antibody associated proteins from lower eukaryotes and is involved 
in the nucleation of microtubules. J. Cell Biol. 775, 129-140. 
Murphy, T.D., and Karpen, G.H. (1995). Interactions between thenod 
kinesin-like gene and extracentromeric sequences are required for 
transmission of a Drosophila minichromosome. Cell 87, 139-148. 
Murray, A.W., and Kirschner, M.W. (1989). Cyclin synthesis drives the 
early embryonic cell cycle. Nature 339, 275-279. 
Nigg, EA. (1993). Cellular substrates of p34cdc2 and its companion 
cyclin-dependent kinases. Trends Cell Biol. 3, 296-301. 
Nigg, E.A. (1995). Cyclin-dependent protein kinases: key regulators 
of the eukaryotic cell cycle. Bioessays 77, 471-480. 
Nislow, C., Sellitto, C., Kuriyama, R., and McIntosh, JR. (1990). A 
monoclonal antibody to a mitotic microtubule-associated protein 
blocks mitotic progression. J. Cell Biol. 777. 51 l-522. 
Norbury, C., and Nurse, P. (1992). Animal cell cycles and their control. 
Annu. Rev. Biochem. 67, 441-470. 
Nurse, P. (1990). Universal control mechanism regulating onset of 
M-phase. Nature 344, 503-508. 
O’Connell, M.J., Meluh, P.B., Rose, M.D., and Morris, N.R. (1993). 
Suppression of the bimC4 mitotic spindle defect by deletion of klpA, 
a gene encoding a KARS-related kinesin-like protein in Aspergilus 
nidulans. J. Cell Biol. 720, 153-162. 
Peter, M., Nakagawa, J., Doree, M., Labbe,J.C., and Nigg, E.A. (1990). 
Identification of major nucleolar proteins as candidate mitotic sub- 
strates of cdc2 kinase. Cell 60, 791-801. 
Rodionov, V.I., Gelfand, V.I., and Borisy, G.G. (1993). Kinesin-like 
molecules involved in spindle formation. J. Cell Sci. 706, 1179-l 188. 
Roof, D.M., Meluh, P.B., and Rose, M.D. (1992). Kinesin-related pro- 
teins required for assembly of the mitotic spindle. J. Cell Biol. 7 78, 
95-108. 
Sato-Yoshitake, R., Yorifuji, H., Inagaki, M., and Hirokawa, N. (1992). 
The phosphorylation of kinesin regulates its binding to synaptic vesi- 
cles. J. Biol. Chem. 267, 23930-23936. 
Saunders, W.S. (1993). Mitotic spindle pole separation. Trends Cell 
Biol. 3, 432-436. 
Saunders, W.S., and Hoyt, M.A. (1992). Kinesin-related proteins re- 
quired for structural integrity of the mitotic spindle. Cell 70, 451-458. 
Saunders, W.S., Koshland, D., Eshel, D., Gibbons, I.R., and Hoyt, 
M.A. (1995). Saccharomyces cerevisiae kinesin- and dynein-related 
proteins required for anaphase chromosome segregation. J. Cell Biol. 
728, 617-624. 
Sawin, K.E., and Mitchison, T.J. (1991). Mitotic spindle assembly by 
two different pathways in vitro. J. Cell Biol. 772, 925-940. 
Sawin, K.E., and Mitchison, T.J. (1995). Mutations in the kinesin-like 
protein Eg5 disrupting localization to the mitotic spindle. Proc. Natl. 
Acad. Sci. USA 92, 4289-4293. 
Sawin, K.E., and Scholey, J.M. (1991). Motor proteins in cell division. 
Trends Cell Biol. 7, 122-129. 
Sawin, K.E., Leguellec, K., Philippe, M., and Mitchison. T.J. (1992). 
Mitotic spindle organization by a plus-end-directed microtubule motor. 
Nature 359, 540-543. 
Schmidt-Zachmann, MS., and Nigg. E.A. (1993). Protein localization 
to the nucleolus: a search for targeting domains in nucleolin. J. Cell 
Sci. 705. 799-806. 
Thomas, D., and Surdin-Kerjan, Y. (1990). An improved strategy for 
generating undirectional deletions on large DNA fragments. Genet. 
Anal. Tech. Appl. 7, 87-90. 
Thrower, D.A.. Jordan, M.A.. Schaar, B.T., Yen, T.J., and Wilson, L. 
yT#ation of Kinesm-Related motor by ~34’~” 
(1995). Mitotic HeLa ceils contain a CENP-E-associated mmus end- 
directed microtubule motor. EMBO J. 14, 918-926. 
Tihy, F., Kress, M.. Harper, M., Durtillaux, B.. and Lemieux. N. (1992). 
Localization of the human kinesin-related gene to band 1 Oq24 by fluo- 
rescence in siru hybridization. Genomics 73, 1371-1372. 
Uze. G., Lutfalla, G., and Gresser, I. (1990). Genetic transfer of a 
functronal human interferon a receptor into mouse cells: cloning and 
expression of its cDNA. Cell 60, 225-234. 
Vaisberg, E.A., Koonce, M.P., and McIntosh. J.R. (1993). Cytoplasmic 
dynein plays a role in mammalian mitotic spindle formation. J. Cell 
Biol. 723, 849-858. 
Verde, F.. Labbe, J.-C., Doree, M., and Karsentr, E. (1990). Regulation 
of microtubule dynamics by cdc2 protein kinase in cell-free extracts 
of XenOpus eggs. Nature 343, 233-238. 
Verde, F., Dogterom, M., Stelzer, E., Karsentr, E., and Leibler, S. 
(1992). Control of microtubule dynamics and length by cyclin A- and 
cyclin B-dependent kmases In Xenopus egg extracts. J. Cell Viol. 7 18, 
1097-l 108. 
Vernos, I., Raats, J., Hirano, T., Heasman, J., Karsenti, E., and Wylie, 
C. (1995). Xklpl, a chromosomal Xenopus kinesin-like protem essen- 
tialforspindleorganizationandchromosomepositloning.Cell87, 117- 
127. 
Warrick, H.M., and Spudich, J.A. (1987). Myosrn structureandfunction 
In cell motility. Annu. Rev. Cell Biol. 3, 379-421. 
Yen, T.J , Li, G., Schaar. B.T., Szilak, I., and Cleveland, D.W. (1992). 
CENP-E is a putative kinetochore motor that accumulates just before 
mitosrs. Nature 359. 536-539. 
GenBank Accession Number 
The accession number of the nucleotide sequence of the HsEg5 cDNA 
reported in this paper is X85137. 
